We studied outcrossing in a rice plant under field conditions over five years, to clarify the relationship between outcrossing, pollen flow, and meteorological factors. We employed two cultivars to discriminate hybrid grains: Okunomurasaki, a non-glutinous cultivar with purple grains, was used as the donor, and Himenomochi, a glutinous cultivar, was used as the recipient. Therefore, we could accurately discriminate hybrid grains by the presence of two phenotypic markers-the xenia grain and the leaf color of the F 1 plant. The results indicated that outcrossing occurred when the difference in the heading date between the donor and recipient was 11 days or less. And it did not occur when the difference was 13 days or more. In 2004 and 2007, hybrid grains were detected at a distance of 20 m or more from the donor. The wind speed during the flowering period of the donor was higher in both of these years than during the other three years of the study period. This suggested that outcrossing often occurred when the flowering period of the donor and recipient overlapped and the wind speed was high. In addition, outcrossing was considerably depressed when the difference in the day of heading between the donor and recipient was large.
Phenotypic detection of hybrid grains
As the development of genetically modified (GM) crops progresses, many people are concerned about the outcrossing between GM crops and non-GM crops to achieve proper Identity Preserved Handling (IP handling). Rice (Oryza sativa L.) is a staple food and an important crop in Japan. GM rice plants have already been planted in several experimental fields in Japan (Agriculture, Forestry and Fisheries Research Council 2009) . Rice is basically a self-pollinated plant, but it can be outcrossed. It is thus imperative to clarify the relationship between outcrossing and pollen dispersal in rice plants under field conditions.
The authors of previous studies have already reported gene flow from GM rice to non-GM rice plants (Oryza sativa L.), but the fields used in these experiments were relatively small (Messeguer et al. 2001 , Vinod et al. 2007 . In Japan, although there have been no studies on potential gene flow from GM rice plants in the field, there have been reports on outcrossing in non-GM rice plants at the field scale. In these experiments, the xenia phenomenon-manifesting as the appearance of nonglutinous grains in a glutinous cultivar-was used to identify hybrid grains (Suzuki et al. 1968 , Nishiyama et al. 1973 , Abe et al. 1978 . However, when only xenia is used as an index of outcrossing in cases in which other nonglutinous rice cultivars are planted nearby, care must be taken to avoid outcrossing between the recipient and an unexpected donor.
In the present study, we used Okunomurasaki (Takita et al. 2001) , which is a non-GM and non-glutinous purple grain rice cultivar, as a donor to survey the outcrossing under the field condition that a purple grain rice cultivar was not planted in the neighboring field. By using this method, grains derived from outcrossing with an unexpected donor could be removed easily, and hybrid grains derived from the intended donor pollen could be accurately identified. In this study, we researched outcrossing rates, pollen dispersal and meteorological factors for five years under field conditions, and we here report the results. Figure 1 shows the method used to detect hybrid grains arising from the intended donor. We employed two non-GM rice cultivars, Himenomochi and Okunomurasaki, for this study. We used Himenomochi, a glutinous cultivar characterized by green leaves with colorless ligules, as the recipient. Okunomurasaki, a non-glutinous cultivar characterized by partially purple leaves with purple ligules, was used as a donor.
Discrimination of hybrid grains was conducted based on two phenotypic traits. As a first screening, we checked the transparency of the grain in the recipient cultivar with the naked eye to distinguish self-pollinated grains from hybrid grains. If pollens of the intended donor cultivar pollinate an ovary of the recipient cultivar, the recipient cultivar produces a hybrid grain called xenia grain. Similarly, if pollens of an unknown non-glutinous cultivar pollinate an ovary of the recipient cultivar, the recipient cultivar also produces a xenia grain. In either case, we were able to identify a hybrid grain derived from a cross between a glutinous cultivar and a non-glutinous cultivar by the appearance of a xenia grain, but we still could not determine whether the hybrid grain was derived from the intended donor pollen.
As a second screening, we examined the color of the leaf and ligule in F 1 plants to clarify whether the xenia grain was derived from outcrossing between Himenomochi and Okunomurasaki, the intended donor. First, the xenia grain was sown, and then the F 1 plant was grown to 3rd or 4th leaf age. In this case, if the F 1 seedling plant was derived from outcrossing with the intended donor pollen, the tip of the leaf and ligule were purple. This coloring trait of the leaves and ligules in the F 1 plant of a cross between Okunomurasaki and Himenomochi was considered to be a dominant trait, since the ligules of F 1 plants that are a cross between Okunomurasaki and Hitomebore, which has green leaves with colorless ligules, are purple (Yamaguchi et al. 2005) . On the other hand, F 1 plants derived from outcrossing with an unexpected donor pollen show green in the tips of leaves and colorless ligules. Therefore, the xenia grain derived from the unexpected donor pollen can be distinguished. Generally, in order to eliminate outcrossing between the recipient and an unexpected donor pollen, one of the following steps are needed: use isolated fields that were not adjacent to fields in which rice plants were being cultivated, use another phenotypical marker such as leaf color in F 1 seedlings, or use a molecular marker for identification of donor. Our method, in which a purple grain rice cultivar was used as a donor, allowed us to fully exclude the influence of pollen from an unexpected donor. Hence, we suggest that this method is effective for identifying outcrossing by the intended donor pollen in a field-scale experiment.
Outcrossing rates under field conditions
Our field experiment was conducted at the National Agricultural Research Center for the Tohoku Region (NARCT), Daisen, Akita, Japan, from 2003 to 2007. The field design is shown in Fig. 2 . Okunomurasaki was transplanted as the donor cultivar at the prevailing windward side. The prevailing wind blew from west to east in this area during the flowering period of the donor. The northern and southern sides were set buffers and a windbreak net, 1.8 m high, to reduce incoming flow of unexpected donor pollen from these directions. . The automatic meteorological observation apparatus (KADEC ® -U; Kona system, Sapporo, Japan) was set within the donor plot to observe air temperature at a height of 1.4 m, humidity at a height of 1.4 m, and wind speed and direction at a height of 1.9 m. Wind speed and direction were calculated as the scalar and vector average of measurements taken at 10-minute before recorded time. These meteorological data were recorded every 30 minutes. The Durham gravity slide samplers (DK-1SA; Nishi Seiki, Chiba, Japan) were set to collect pollen at six points over the years [2004] [2005] [2006] [2007] , as shown in Fig. 2 .
Seeds of Okunomurasaki were sown in late April and seedlings were transplanted in late May for five years. To change the flowering period, seeds of Himenomochi were sown and transplanted four times-at 10 days before, the same day, 10 days after and 20 days after the time of the sowing of the seeds of Okunomurasaki-and transplanted with an interval of 11.1 seedlings/m 2 , with 30-cm intervals between rows and 30-cm intervals between hills within the row, one seedling per hill. Weed and pest control followed the conventional practices in this area. Nitrogen fertilizer was applied at the rate of 70 kgN/ha as the basal dressing. Table 1 shows the number of hybrid grains identified by xenia grain and by leaf color and ligule in F 1 seedlings. The total number of grains screened approximated 1.5-2.2 × 10 6 per year. The number of xenia grains was 91-1123 in 2003-2007 , while the number of hybrid grains from the intended donor pollen was less than 100. Therefore, the hybrid grains derived from unexpected donor pollen accounted for more than 50% of all xenia grains. These rates were high-71.6% and 83.5%, respectively-in 2004 and 2007, when many more xenia grains were observed compared with the other three years. These findings indicated that outcrossing between the recipient and an unexpected donor occurred frequently in this experimental field. Additionally, we could not check the coloring of 10.9-34.1% of F 1 seedlings due to the presence of non-germinated and dead grain. This was attributed to high susceptibility to miscellaneous fungus and immaturity of xenia grains. Table 2 shows the differences in the heading date between donor and recipient. The heading date of a plant was defined as the day when about half of all panicles had appeared from leaf sheath of flag leaves. The heading date in each plot was estimated as: the mean of the heading dates of 12-20 donor plants each year, or the mean of the heading dates of 255-275 recipient plants each year. The heading date of the recipient cultivar, which was transplanted 10 days earlier than the donor cultivar, expressed as Himenomochi −10 hereafter, was 2 to 7 days earlier than that of the donor cultivar. The heading date of the recipient cultivar transplanted at the same time as the donor, expressed as Himenomochi 0 hereafter, was almost the same for five years. The heading date was 3 to 8 days later in the recipient transplanted 10 days later, expressed as Himenomochi +10 hereafter, and the heading date was 10 to 19 days later in the recipient transplanted 20 days later, expressed as Himenomochi +20 hereafter. Figure 3 shows the outcrossing rates in each recipient plot over the five-year study period. Outcrossing rates in each plot were calculated using the following formula: outcrossing rate (%) = 100 × (number of grains confirmed as hybrid grain derived from the intended donor pollen in each Fig. 2 . Design of the field experiment. The Okunomurasaki donor, Himenomochi recipient and Himenomochi buffer are indicated as dark grey, grey and white areas, respectively. The number given after the word Himenomochi represents the difference of transplanting day between the donor and recipient: −10, the recipient was planted 10 days earlier than the donor; 0, the two were planted at the same time; +10, the recipient was planted 10 days later; +20, the recipient was planted 20 days later. Table 2 and Fig. 3 , we found that when the difference of heading date between donor and recipient was 11 days or less, outcrossing occurred, and when it was 13 days or more, outcrossing did not occur. The authors of previous studies have reported that outcrossing was depressed by the increased difference of heading dates between donor and recipient, and the outcrossing rate was decreased when the difference was 6-7 days or more (Kamagata et al. 1990) , 10 days or more (Abe et al. 1978 , Ito 1986 ) and 12 days or more (Hirano and Iizuka 1978) . Our results support the findings reported in these studies, although it should be noted that an assessment of heading date or weather conditions were not necessarily identical in all these studies. The relationship between the distance from the donor and the outcrossing rates is shown in Fig. 4 . Outcrossing rates at each distance from the donor were calculated using the following formula: outcrossing rate (%) = 100 × (the number of grains confirmed as hybrid grain derived from the intended donor pollen at each distance) / (total number of grains at each distance). The number of xenia grains at a distance from the donor was counted in 10 plants ( In previous studies, it was reported that most of the outcrossing occurred in an area within 3 m of the donor (Nishiyama et al. 1973 , Nemoto et al. 1974 , Yatou et al. 2003 ; however, it was also reported that outcrossing occurred over 10 m from the donor in a few cases (Abe et al. 1978 , Suzuki et al. 1968 . These results indicated that the effect of the distance between donor and recipient on outcrossing rates differs with donor size, rice cultivar and weather conditions. Furthermore, it seems that the outcrossing rates were not checked at a long distance from the donor in previous reports. Hence, to investigate outcrossing, it is important to test the same cultivars in the same place for multiple years.
Flowering panicles of the donor and pollen dispersal
Although pollen dispersal during the flowering period is one of the most important factors for outcrossing, it has not been estimated in earlier studies. 
A minus or plus sign ahead of a value means that the heading day of the recipient was earlier or later than that of donor. Fig. 3 . Deviation of outcrossing rates by the difference of transplanting day between the donor and the recipient.
less in 2005 and 2006 . From these results, we conjectured that the length of the flowering period and the number of flowering panicles were related to the number of airborne pollen grains from the intended donor, and it that increases in the values resulted in an increase in the outcrossing rate. In fact, hybrid grains were detected at over 20 m from the donor in 2004 and 2007. However, the origin of the captured pollen was unknown, because it was not possible to identify whether the pollen was derived from the intended donor.
The authors of an earlier report noted that a large number of airborne pollen grains were collected at a height of 55 cm within a canopy of rice plants (Maitani and Seo 1985) . According to this report, we collected the airborne pollen at a height of 70 cm within a canopy of rice plants. However, airborne pollen above a rice canopy might be related to a long-distance outcrossing. Further studies will be needed to analyze the kinetics of airborne pollen in detail. During the flowering period of the donor, the wind speed was in excess of 3.0 m/s on 9 occasions (August 6, 9, 13, 14, 15, 16, 20, 24 and 25) in 2004 and 7 occasions (August 4, 5, 6, 9, 15, 16 and 17) Table 3 summarizes the data of wind speed and direction above 3.0 m/s.
As shown in Fig. 4 ., hybrid grains were detected in 2004 and 2007 at over 20 m from the donor, when the wind speed during the flowering period was relatively higher, than in 2003, 2005 and 2006 . On the other hand, only 7 hybrid grains were observed in 2005, when the wind speed was relatively low and often below 2.0 m/s. Accordingly, our observations in this experiment showed that the wind speed in the flowering period of the donor was an important factor in the outcrossing conditions. Furthermore, this suggested that outcrossing occurred when the flowering periods of the donor and recipient overlapped and the wind speed was quite high during the flowering period of the donor.
The authors of earlier studies reported that outcrossing rates differed among rice cultivars (Imaki 1984 , Suzuki et al. 1968 , Nemoto et al. 1974 ). Our present experiments should help to elucidate the outcrossing between Okunomurasaki as a donor and Himenomochi as a recipient. The outcrossing rates of GM rice cultivars will not necessarily be similar to those observed here. Moreover, the donor size of the fields studied herein was smaller than the size of most cultivated rice fields. If the donor size was larger, the amount of dispersed pollen might have increased. It is thus important to note that outcrossing may vary with different rice cultivars, field sizes and weather conditions.
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